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Electron-nuclear interaction of boron vacancies

in hexagonal boron nitride
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The interactions of a spin defect and nearby nitrogen nuclei in hexagonal boron nitride have been studied

by electron paramagnetic resonance and double electron-nuclear resonance. The constants of the hyperfine

(Aiso = 59.5MHz, Add = 13.8MHz) and quadrupole (Cq = 1.96MHz) interactions for nitrogen nuclei 14N of the

first coordination sphere are determined. The results obtained are important for understanding the mechanisms of

electron-nuclear interactions in hBN and for developing quantum devices based on spin defects in two-dimensional

materials.

Keywords: electron paramagnetic resonance, ENDOR spectroscopy, boron vacancy, hBN, spin defect.

DOI: 10.61011/PSS.2025.12.63113.8056k-25

1. Introduction

A feature of the studied spin defects for quantum applica-

tions is their ability to maintain quantum coherence at room

temperature (T = 297K), which has been experimentally

confirmed by optically detectable magnetic resonance meth-

ods. The above-mentioned advantage radically distinguishes

the system under study from traditional superconduct-

ing qubits requiring low temperatures (∼ 10mK), which

presents additional difficulties in scaling and implementing

quantum algorithms. The electron spin-spin relaxation

time T2 of the boron vacancy is estimated to be on the

order of several microseconds [1–4].

A negatively charged boron vacancy V−

B in a hexagonal

boron nitride (hBN) crystal is a Frenkel point defect with

local symmetry D6h surrounded by three equivalent nitrogen

atoms in the plane of the BN layer, which occurs when

a boron atom is removed during irradiation with high-

energy particles followed by electron capture from the

crystal lattice [5]. The spin defect V−

B is of particular

value for quantum computing due to its unique spin

and optical properties. An important condition for the

applicability of the qubit is the possibility of initializing,

reading, and manipulating spin states. These operations can

be implemented by combined optical, microwave, and radio

frequency effects for boron vacancy states in hBN [6–8].

However, there are stricter requirements for coherence

times, since this parameter defines the time interval for

performing quantum operations and storing quantum infor-

mation [9]. A long coherence time of nuclear spins on

the order of milliseconds [10] is critically important for the

implementation of quantum memory and electronic nuclear

registers [11,12], where nuclear spins act as long-lived

memory elements, and electronic spins provide a control

channel. Thus, it becomes necessary to obtain quantities

characterizing the nuclei and their interactions with the

boron vacancy.

2. Details of the experiment

In this work, we studied a single crystal of hexago-

nal boron nitride with a size of 0.90×0.54×0.05mm,

exposed to an electron beam with an energy of 2MeV.

Electron paramagnetic resonance (EPR) experiments were

performed on a Bruker Elexsys E680 spectrometer in the

W-band (94GHz) with optical excitation using a diode laser

(λ532 nm, P = 100mW). In order to obtain the constants of

the hyperfine and quadrupole interactions between the spin

defect and nitrogen nuclei of the first coordination sphere

(Figure 1, a), electron nuclear double resonance (ENDOR)
spectroscopy was used.

3. Results and their discussion

Two transitions are observed in the spectrum of electron

paramagnetic resonance (Figure 1, b) corresponding to the

fine structure of the boron vacancy with spin S = 1.

The simulation of the angular dependence of the spectra

made it possible to determine the parameters of the spin

Hamiltonian. The value of the g-factor was 2.004. Splitting

in a zero magnetic field is described by the expression

2D/gµB with the value D = 3.55GHz [6].
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Figure 1. a — the hBN crystal lattice, the boron vacancy is depicted in the center.The boron atoms are shown in green, and the nitrogen

atoms of the first coordination sphere are shown in red; b — the EPR spectrum (black line) and modeling (red line) for two orientations:

the c axis of the crystal is parallel and perpendicular to the magnetic field vector B0 (W is the range, T = 25K). The angular dependence

is modeled (solid red lines); c — simplified diagram of the energy levels of a spin defect during optical pumping at a wavelength of 532

nm. ES — excited state, MS — metastable state, GS — ground state.

The phase change of the high-field transition signal in

the EPR spectrum at 180◦ is of particular interest, which

indicates a deviation of the populations of the spin sublevels

from the Boltzmann distribution. This effect is caused by

laser pumping and can be interpreted within the framework

of the given model of energy levels (Figure 1, c) and the

corresponding optical transitions.

The spectroscopic features of the system under study are

due to a combination of five contributions: electron Zeeman,

zero magnetic field splitting, nuclear Zeeman, hyperfine,

and quadrupole interactions. The spin Hamiltonian in the

case of parallel orientation can be written as follows:

Ĥ = gµBB0Sz + D

(

S2
z −

S(S + 1)

3

)

− γ~B0Iz

+

3
∑

i=1

(

Axx Sx Ix(i) + Ayy Sy Iy(i) + Az z Sz Iz (i)

+
Cq

4I(2I − 1)

(

3I2z (i) − I(I + 1) + η(I2x(i) − I2y(i))
)

)

,

where the summation is based on nitrogen nuclei.

For transitions 0 ↔ +1 and 0 ↔ −1, ENDOR spectra

were obtained from nuclei 14N (I = 1, 99.6%) of the

first coordination sphere (Figure 2). As a result of the

simulation, the main values of the hyperfine interaction

tensor were established: Axx = 46.5MHz, Ayy = 45.0MHz,

Az z = 87.0MHz, which corresponds to the isotropic com-

ponent Aiso = 59.5MHz and the anisotropic contribu-

tion Add = 13.8MHz. The quadrupole coupling constant

was Cq = 1.96MHz, and the asymmetry parameter was

η = −0.07. The analysis of spectral features required the

application of second-order perturbation theory, which made

it possible to explain the observed shifts of the ENDOR

signals relative to the Larmor nuclear frequency.

Resonant peaks were found in the perpendicular orienta-

tion for the low-field transition near the Larmor frequency

(Figure 3). The simulation made it possible to identify

the origin of the signals corresponding to the transitions

associated with the interactions of the nuclei of the first

coordination sphere and the boron vacancy.

The analysis of multicomponent ENDOR spectra made

it possible to characterize in detail the radio frequency

transitions associated with the 14N nuclei in the first

coordination sphere of the boron vacancy in hBN. The

dependence of the position of the resonance lines on

the spatial orientation (θ, ϕ) between the boron vacancy

and the nearest nitrogen nuclei has been established.

The use of exciting pulses opens up the possibility of

selective spin control for specific nuclei 14N, in particular,

suppressing, if necessary, undesirable nuclear interactions

in the system through selective saturation of specific

junctions [4]. The analysis of the hyperfine interaction

constants showed that the isotropic component significantly

exceeds the anisotropic contribution, which indicates a

high degree of localization of the spin density on nitrogen

atoms. Of particular interest is the possibility of creating

hybrid quantum systems where the electron spin acts

as a control qubit, and the nuclear spins 14N perform
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Figure 2. ENDOR spectrum of nitrogen 14N for two electronic transitions: MS = 0 ↔ +1 in a magnetic field B0 = 3223.1mT and

MS = 0 ↔ −1 in a magnetic field B0 = 3480.5mT: a — parallel orientation, low-field transition; b — parallel orientation, high-field

transition; c — perpendicular orientation, ϕ = 7.5◦, T = 50K; d —ϕ = 18◦, T = 25K, where ϕ is the angle of deflection in the plane

of the broken connection. f L — Larmor frequency of nitrogen 14N, Cq — quadrupole coupling constant.
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Figure 3. Nitrogen ENDOR spectrum of nitrogen 14N near the

Larmor frequency for the transition MS = 0 ↔ +1 (ϕ = 7.5◦,

T = 25K).

the function of quantum memory. This approach, im-

plemented in a two-dimensional material, opens up new

opportunities for the development of scalable quantum

devices [13].

4. Conclusion

The conducted studies by the ENDOR spectroscopy

method allowed us to study in detail the interaction of the

spin defect and the nuclear subsystem. The results obtained

open up prospects for the creation of scalable quantum de-

vices based on hybrid electron-nuclear systems, spin defect

and cores in hBN can serve as a platform for implementing

multi-qubit logical operations and quantum memory with

extended coherence time. Further studies may be aimed at

optimizing spin state control methods and integrating these

systems into practical quantum applications.
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